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Low-energy coherent transport and Goos-Ha¨nchen (GH) lateral shift of valley electrons in planar heterojunc-
tions composed of normal MoS2 and ferromagnetic WS2 monolayers are theoretically investigated. Two types
of heterojunctions in the forms of WS2/MoS2/WS2 (type-A) and MoS2/WS2/MoS2 (type-B) with incident elec-
trons in MoS2 region are considered in which the lateral shift of electrons is induced by band alignments of the
two constituent semiconductors. It is shown that the type-A heterojunction can act as an electron waveguide
due to electron confinement between the two WS2/MoS2 interfaces which cause the incident electrons with an
appropriate incidence angle to propagate along the interfaces. In this case the spin- and valley-dependent GH
shifts of totally reflected electrons from the interface lead to separated electrons with distinct spin-valley indexes
after traveling a sufficiently long distance. In type-B heterojunction, however, transmission resonances occur for
incident electron beams passing through the structure, and large spin- and valley-dependent lateral shift values
in propagating states can be achieved. Consequently, the transmitted electrons are spatially well-separated into
electrons with distinct spin-valley indexes. Our findings reveal that the planar heterojunctions of transition metal
dichalcogenides can be utilized as spin-valley beam filter and/or splitter without external gating.
I. INTRODUCTION
Monolayers of transition metal dichalcogenides (TMDs)
MX2 (M =Mo,W; X = S, Se, Te) with large intrinsic band gap
have unique electronics and optoelectronics properties which
show their potential applications for creating new kinds of
nanodevices [1–5]. Intrinsic strong spin-orbit coupling and
the absence of inversion symmetry in these monolayers lead
to a giant spin splitting at the K point of their hexagonal Bril-
louin zone. Moreover, due to a large valley separation in their
momentum space, the valley index is regarded as a discrete de-
gree of freedom for low-energy carriers. Therefore, the valley
index, like charge and spin, can be used to encode information
in TMD monolayers [6].
Furthermore, heterostructures of TMD monolayers exhibit
junctions with novel properties that are unobtainable from
individual MX2 monolayers and can be used as building
blocks of optoelectronic devices, such as light emitting diodes
and photodetectors [7, 8]. Recently various in-plane het-
erostructures such as MoS2/WS2 [9, 10], MoS2/MoSe2 and
WS2/WSe2 [11], MoSe2/WSe2 [12], and WSe2/MoS2 [13]
have been successfully prepared and microstructures and mor-
phologies of these seamless and atomically sharp planar het-
erojunctions have been characterized. Performance and func-
tionality of these structures are critically dependent on the
alignment of their energy bands. In this regard, theoretical
calculations based on first principals studies have been made
to determine the band-offset [14] and other properties of TMD
lateral heterojunctions [15, 16].
It is known from optics that a beam of light that is totally
reflected from the interface between two media undergoes
a lateral displacement along the interface, known as Goos-
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Ha¨nchen (GH) shift [17, 18]. In GH effect the incident wave
packet of plane waves is reshaped by the interface due to a dif-
ferent phase shift that each plane wave in the light wave packet
experiences. In this regard, the GH effect of light beams was
observed in several experiments (see Ref. [19] and references
therein). In addition to this spatial shift which is dependent on
the polarization of incident beam, angular shifts in reflection
of light beam by an air-glass interface have also been reported
[20].
The GH effect has been spread to various areas of physics
[21–24], specially condensed matter systems including semi-
conductors [25], two-dimensional (2D) materials [26, 27],
topological insulators [28], and spin waves [29]. Moreover,
lateral resonance shifts of transmitted electrons through semi-
conductor quantum barriers and wells were studied when elec-
tron beams, incident from outside of the well/barrier region,
propagate through the structures [30, 31]. Such lateral shifts
(displacements), like the GH effect originating from beam re-
shaping are named Goos-Ha¨nchen-like ( GHL) shifts [32] as
well as the lateral shift at the transmitted resonances in the
literature [33].
Many studies have been devoted to the investigation of
GH and GHL shifts in graphene-based structures, such as
graphene p-n junction [26], barriers [32, 34, 35], and super-
lattices [36] in both Klein tunneling [37] and classical motion
regimes [32]. Also, it was shown that valley-dependent GH
[38] and GHL [39] shifts can be produced by local strains on
single-layer graphene without requiring any external fields. In
addition, the GH effect of electrons has been studied in a p-
n-p junction of MoS2 monolayer [27] and it was shown that
the shift is spin- and valley-dependent, due to spin-valley cou-
pling in MoS2 monolayer. Similar results have also been re-
ported in the GHL shift of electron beam transmitted through
a ferromagnetic silicene [44]. Moreover, in our recent work
[40], GHL shift of both transmitted and reflected electrons
in a gated monolayer WS2 was studied. Interestingly, it was
2shown that in contrast to the transmitted beam, the GHL shift
of reflected electrons is not invariant under simultaneous in-
terchange of spin and valley indexes.
In most of the previous models the GH (GHL) shift of elec-
trons is induced by either an applied gate voltage or a uniaxial
strain in a specific region of the structure. In lateral TMD
heterojunctions, however, the band offset between two con-
stituent materials can generate a lateral shift which is control-
lable by energy and incidence angle of electron beam. On the
other hand, placing a MX2 monolayer on an insulating mag-
netic substrate can make the material ferromagnetic. There-
fore, the band-offset-induced lateral shift and the proximity-
induced ferromagnetic order in MX2 planar heterojuntions
can lead to novel device applications, such as spin-valley fil-
ters and/or splitters which are potentially useful for valley-
spintronics.
In this paper we study quantum transport and band-offset-
induced lateral shift of valley electrons in planar heterojunc-
tions composed of normal MoS2 and ferromagnetic WS2
monolayers. These MoS2/WS2 lateral heterostructures with
common sulphur have a type-II band alignment and the va-
lence (conduction) band of WS2 is 0.39 eV (0.35 eV) higher
than that of MoS2 [14]. We show that an incident beam of
electrons in the MoS2 region can be confined between two
WS2 monolayers, depending on the Fermi energy and the in-
cidence angle of electrons. The confined electrons will be sep-
arated into electrons with distinct spin and valley indexes after
passing a sufficiently long distance in the MoS2 region acting
as an electron waveguide. On the other hand, in a hetero-
junction with two MoS2 monolayers and a single-layer WS2
in between, transmission resonances and large lateral shifts
can occur for incident electron beams propagating through the
structure. As a result, the transmitted electron beams can be
spatially well separated into electrons with distinct spin and
valley indexes.
The paper is organized as follows. In section II, we intro-
duce our model and formalism for calculation of spin-valley
transport and lateral shift values for two types of hetero-
junctions, named type-A and type-B, ignoring the electron-
electron, hole-hole, and electron-hole interactions. By tuning
our system parameters, numerical results and discussions for
both types of heterojunctions are presented in Sec. III. The
GH effect is discussed in type-A heterojunction, whereas the
GHL effect is described in type-B heterojunction. A brief con-
clusion is given in Sec. IV.
II. MODEL AND FORMALISM
We consider two types of lateral heterojunctions consist-
ing of two monolayers MoS2 and WS2, in the form of
WS2/MoS2/WS2 (type-A) and MoS2/WS2/MoS2 (type-B) in
x − y plane, as shown in Figs. 1(a) and 1(b), respectively.
In type-A heterojunction, the electron beam is incident in the
central region 0 ≤ x ≤ d (region 2), so that it can propagate
along the y direction with translational invariance, whereas
they are totally reflected from MoS2/WS2 interfaces at x = 0
and x = d, leading to electron confinement along the x direc-
tion. In such a case the heterojunction can act as an electron
waveguide (see Fig. 1(a)). In the case of type-B heterojunc-
tion, however, the electron beam is incident from x < 0 (re-
gion 1) on the MoS2/WS2 interface at x = 0 and partially re-
flected to the same region, and partially transmitted into the re-
gion 3 at x > d (see Fig. 1(b)). The influence of an exchange
field h = hzˆ induced by magnetic proximity effect and orig-
inated from an insulating ferromagnetic substrate is assumed
on each WS2 monolayer. In fact the localized magnetic mo-
ments in the ferromagnetic insulator induce an exchange field
that acts as an effective Zeeman field on electrons in the struc-
ture. This interaction is short ranged and only the nearest layer
of magnetic ions contributes in this field [41]. Therefore, in
Fig. 1, it is reasonable to assume that the exchange field is
confined in the WS2 region and neglect its influence on the
MoS2 regions. Such a magnetic-exchangefield which has also
been studied in graphene [41, 42], silicene [43, 44], andMoS2
[45] increases the spin splitting of the valence and conduction
bands in the materials. Note that MoS2 and WS2 monolay-
ers have the same crystal structure and the mismatch between
their lattice constants is less than 0.22% [46]. On the other
hand, recent observations clearly show atomically clean and
sharp junction between WS2 and MoS2 along zigzag-edge di-
rections [9, 46]. Therefore, the edge effects from WS2 region
on the MoS2 are ignored in this study.
Denoting the electron wavefunctions in the valence and
conduction bands of region j (= 1, 2, 3) as ψjv and ψjc, re-
spectively, the low energy electrons with energy E near the
valleys K (τ = 1) and K′(τ = −1) in the presence of ex-
change field hj satisfy the following Dirac-like equation [1](
Ejc −E − hjsz τajtjkje
−iτθj
τajtjkje
iτθj Ejv + τszλj − E − hjsz
)(
ψjc
ψjv
)
= 0 ,
(1)
where Ejc (Ejv) is the energy of conduction (valence) band
minimum (maximum) in the absence of exchange field and
spin-orbit coupling, aj is the lattice constant, tj is the effec-
tive hopping integral, and 2λj is the spin splitting at the va-
lence band edges due to the spin-orbit coupling in jth region.
Moreover, sz = +1(−1) is the spin of electron, and kj and θj
are the magnitude and angle (relative to the x-axis) of electron
wave vector, kj , in jth region, respectively.
Solving Eq. (1), we obtain dispersion relation and pseu-
dospinor components as
(2E − (Ejc + Ejv)− τszλj + 2hjsz)
2
−(Ejc − Ejv − τszλj)
2 = (2ajtjkj)
2 ,
(2)
and (
ψjc
ψjv
)
=
1
Bj
(
Aj
τajtjkje
iτθj
)
ei(kjxx+kyy) , (3)
where Aj = E − Ejv − τszλj + hjsz and Bj =√
A2j + (ajtjkj)
2 .
In the following subsections, we study the behavior of elec-
tron beam by obtaining formulas for transmission probabil-
ity T and GH (GHL) lateral shift of electrons propagating in
type-A(B) heterojunctions. We mention that the main differ-
ence between the heterojunctions A and B is whether the in-
cident electron is in the middle region or in the side regions.
3However, since the CBM of MoS2 is lower than that of the
WS2, it is assumed that in both cases the incident electron is
in the MoS2 region, such that the electron in conduction band
of MoS2 can either enter into the WS2 region or be reflected
back to the MoS2, depending on its energy.
A. T and GH shift in type-A heterojunction
We consider an electron beam incident on the interface at
x = d, from region 2 into region 3, as shown in Fig. 1(a). The
electron wave functions in regions 2 and 3 can be written in
terms of incident, reflected, and transmitted waves as
ψ2(x, y) =
1
B2

 A2τa2t2k2eiτθ2

 ei(k2xx+kyy)
+
rτsz
B2
(
A2
−τa2t2k2e
−iτθ2
)
ei(−k2xx+kyy) , (4)
and
ψ3(x, y) =
tτsz
B3
(
A3
τa3t3k3e
iτθ3
)
ei(k3xx+kyy) , (5)
where ky is the same in all regions due to the translational
invariance in y direction, A2, B2, A3, and B3 are given in
Eq. (3), and the coefficients rτsz and t
τ
sz
are reflection and
transmission coefficients, respectively, which can be obtained
by matching the wave functions at x = d. The result for the
reflection coefficient is
rτsz =
s1s2
√
Fc
Fv
eiτθ2 − eiτθ3
s1s2
√
Fc
Fv
e−iτθ2 + eiτθ3
e2ik2xd , (6)
where s1 = sgn(A1) = sgn(A3), s2 = sgn(A2), Fv =
E−E2v−τszλ2+h2sz
E−E1v−τszλ1+h1sz
, and Fc =
E−E2c+h2sz
E−E1c+h1sz
. The critical an-
gle θc for total internal reflection at the interface is given by
θc = arcsin(
k3
k2
). (7)
In the case of θ2 > θc the electron wave number k3x =√
k23 − k
2
y becomes imaginary, leading to an evanescent wave
in region 3, and consequently the electron beam undergoes
a total reflection from the interface at x = d. Using T =
1 − |rτsz |
2 and Eq. (6), the transmission probability along the
x-axis can be expressed as
T =


4
√
Fc
Fv
cos θ2 cos θ3
1+ Fc
Fv
+2s1s2
√
Fc
Fv
cos(θ2+θ3)
if θ2 < θc,
0 if θ2 > θc.
The total reflection can lead to electron confinement in re-
gion 2 between the two interfaces associated with multiple
reflections from the interfaces at x = 0 and x = d. Fur-
thermore, based on the stationary phase method [40], the GH
lateral shift of the reflected beam can be obtained as
στre,sz = −Φ˙rτsz + 2
τa2
2t2
2k2
2
B2
2 θ˙2 + 2k˙2xd , (8)
whereΦrτsz is the phase of reflection coefficient and the dot in-
dicates the derivative with respect to ky . By calculating Φrτsz
from Eq. (6) and substituting it into Eq. (8), after some alge-
bra, we can express the GH shift of reflected electrons as
στre,sz =
2s1s2k1(κ+τky)
√
Fc
Fv
(
τ cos θ2
κ
+
tan θ2
k2
)−2τk21
Fc
Fvk2x
k2
1
Fc
Fv
+(κ+τky)(κ+τky−2τs1s2k1
√
Fc
Fv
sin θ2)
+ 2τ
(1+
E−E2v−τszλ2+h2sz
E−E2c+h2sz
)k2x
,
(9)
where κ = ik3x. The obtained σ
τ
re,sz
has the order of mag-
nitude of the Fermi wavelength, λF , (see Ref. [26] and [27])
which probably impedes its direct measurements. However,
when the total internal reflection occurs, due to the multiple
reflection from the interfaces in region 2, the lateral shifts of
the reflected beams along the interface will accumulate and
considerably exceed from λF , after the beams travel a suffi-
ciently long distance inside the region.
Therefore, if the incidence angle exceeds the critical angle,
an electron waveguide forms in the type-A heterojunctions, in
which the electrons with quasibound states are confined in x
direction, while they propagate in y direction. Note that the
energy spectrum of these bound states can be calculated by
matching the propagating wave in region 2 with the evanes-
cent waves in regions 1 and 3 at the interfaces x = 0 and
x = d, respectively (see Ref. [26] and [27]).
B. T and GHL shift in type-B heterojunction
We now consider the type-B heterojunction in which the
electrons injected from region 1 into region 2 propagate across
the interfaces at x = 0 and x = d, as shown in Fig. 1(b). In
this case, the wave function of electron in each region can be
written as
ψ1(x, y) =
1
B1
(
A1
τa1t1k1e
iτθ1
)
ei(k1xx+kyy)
+
rτsz
B1
(
A1
−τa1t1k1e
−iτθ1
)
ei(−k1xx+kyy) ,
(10)
ψ2(x, y) =
α
B2
(
A2
τa2t2k2e
iτθ2
)
ei(k2xx+kyy)
+ β
B2
(
A2
−τa2t2k2e
−iτθ2
)
ei(−k2xx+kyy) ,
(11)
ψ3 =
tτsz
B3
(
A3
τa3t3k3e
iτθ3
)
ei(k3xx+kyy) , (12)
where a1 = a3, t1 = t3, k1 = k3, θ1 = θ3, A1 = A3, and
B1 = B3. Note that the coefficients A1, B1, A2, and B2 are
determined from Eq. (3). The critical angle for total reflection
in this case is given by
θc = arcsin(
k2
k1
) . (13)
When θ1 < θc, the electrons can be partially transmit-
ted through the proposed heterojunction. The coefficients
4rτsz , α, β and t
τ
sz
are obtained by matching wave functions at
the interfaces x = 0 and x = d. The result for the transmis-
sion coefficient, tτsz , is
tτsz =
−2s1s2
√
Fv
Fc
cos θ1 cos θ2e
−ik1xd
−2s1s2
√
Fv
Fc
cos θ1 cos θ2 cos(k2xd) + iD
, (14)
where D = [(1 + Fv
Fc
) − 2s1s2
√
Fv
Fc
sin θ1 sin θ2] sin(k2xd).
Here, T = |tτsz |
2 and using the derivative of the phase of trans-
mission coefficient with respect to ky , one can write the GHL
shift of the transmitted electrons as [40]
στtr,sz =
[(8 + 2
k20
k2
1x
+ 2
k20
k2
2x
) sin(2k2xd)2k2xd − 2
k20
k2
2x
]d tan θ1
4 cos2(k2xd) +
k4
0
k2
1xk
2
2x
sin2(k2xd)
,
(15)
where k20 = −s1s2αk1k2 + 2k
2
y and α =
√
Fc/Fv(1 +
Fv/Fc).
In the vicinity of resonance positions the lateral shift can be
greatly enhanced (see Refs. [32, 40]). At resonance positions
which are determined by the condition k2xd = npi, (n =
1, 2, 3, ....), the heterojunction becomes transparent (T = 1)
and στtr,sz acquires local maxima which are obtained from
στtr,sz
∣∣
k2xd=npi
=
k20d tan θ1
2k22x
= nστtr,sz
∣∣
k2xd=pi
. (16)
Note that in the case of θ1 > θc, the transmission of electrons
become negligible and στtr,sz will be of the order of λF as in
the type-A heterojunction. Here, in contrast to Sec. II.A, the
reflection and transmission coefficients are obtained by apply-
ing the boundary conditions on both interfaces at x = 0 and
x = d. Therefore, the transmission probabilities and lateral
shifts depend on d. It is worth mentioning that in contrast to
optical beams in 2D materials such as graphene and single-
layer boron-nitride [47], where the GH shift does not depend
primarily on the wavelength of the incident light beam, Eqs.
(9) and (15) for lateral shifts of electron beams depend on the
Fermi energy (electron Fermi wavelength) via Eq. (2).
III. RESULTS AND DISCUSSION
In order to study the effect of band alignment of TMDs on
ballistic transport and lateral shift of electron beams with dif-
ferent flavors in the planar heterojunctions, we first show in
Fig. 1(c)-(e) the valence band maximums (VBMs) and con-
duction band minimums (CBMs) at the MoS2/WS2 interface
for the cases with normal and ferromagnetic WS2 regions.
Here, a flavor is denoted as (sz , τ), which represents an elec-
tron with spin sz in valley τ . Therefore, there are four dif-
ferent flavors as (±1,K) and (±1,K′). Parameters a, t, λ, and
Ec(v) in each TMDmaterial are chosen according to Refs. [1]
and [14], respectively, where the energy band edges are mea-
sured with respect to the vacuum level (zero point energy).
In the normal regions, the CBMs of all flavors are the same
but the VBMs are partially split as a result of the coupled spin
FIG. 1: (Color online) Schematic models for (a) WS2/MoS2/WS2
(type-A) and (b) MoS2/WS2/MoS2 (type-B) lateral junctions. The
WS2 region is placed in close proximity to a ferromagnetic (FM)
substrate. (c)-(e) Band alignments at MoS2/WS2 interface for the
cases with (c) normal and ((d),(e)) ferromagnetic WS2 regions in
which h=0.155 eV [shown as WS2(FM)]. In (a) and (b), the green
arrow shows the initial incident beam, whereas the red and blue ones
indicate the separated electrons in valleys K and K′, respectively.
The arrows in (c)-(e) show the spin of electrons in the VBM and
CBM. Note that the spin directions in (c) are inverted for K′ valley
electrons. Also, the energy-band edges of MoS2 region in (d) and (e)
are the same as those in (c) (not shown). The VBMs and CBMs are
measured with respect to the vacuum level [14].
and valley degrees of freedom in TMD monolayers (see Eq.
2). In fact the flavors with the same amount of szτ have the
same VBM as shown in Fig. 1(c). In the presence of mag-
netic proximity effect, however, the spin degeneracy at the
conduction-band edges is lifted and the spin splitting in the
VBM becomes strongly valley dependent as can be seen in
Fig. 1(d) and (e).
According to Eqs. (2), (7), and (13), the value of critical
angle depends on the electron energy E, spin, and valley in-
dexes. To show this, the critical angle is depicted in terms of
E in Figs. 2(a) and (b) for the four flavors, when electrons
are incident fromMoS2 region on normal WS2 and ferromag-
netic WS2 regions, respectively. As can be seen in Fig. 2(a),
the flavors with the same values of szτ have the same crit-
ical angles due to the absence of magnetic proximity effect.
In the presence of exchange field, however, the spin-valley
symmetry is partially (fully) broken and the electrons in the
conduction (valence) band of WS2 region are separated into
two (four) different band edge energies and critical angles, as
shown in Fig. 2(b). There are two different flavors in the
CBM (at k2 = 0) due to the lack of spin-orbit splitting in the
conduction band and hence the four flavors become doubly
degenerate as are seen in Fig. 1(d) and (e). This means that
the critical angles are doubly degenerate at energy values of
the CBMs. To explain the behavior of θc in terms of energy,
it should be mentioned that the critical angle is zero when the
electron energy is lower than the CBM of each flavor (energy
gap region). For a given energy in the conduction band of
WS2, however, the transverse wave vector ky which is con-
served, increases as the incidence angle increases and exceeds
the Fermi wave vector kF (≡ k). As a result, the longitudinal
5FIG. 2: (Color online) Dependence of critical angle on incident elec-
tron energy at the MoS2/WS2 interface for the cases with (a) normal
and (b) ferromagnetic WS2 regions in which h=0.155 eV.
wave vector kx becomes imaginary, and hence, the incidence
angle reaches its critical value. Moreover, for a given energy
and an incidence angle, all flavors have almost the same ky
values due to the relatively small spin-orbit coupling and ab-
sence of exchange field in MoS2 region, whereas the flavors
have different kF values in WS2 region, and consequently,
different critical angles are obtained, as shown in Fig. 2(b).
From Figs. 1(c)-(e), one can consider the three energy in-
tervals; (i) E > Ec(WS2) + h, (ii) Ec(WS2) − h < E <
Ec(WS2) + h, and (iii) Ec(MoS2) < E < Ec(WS2) − h. More-
over, in the absence of spin-orbit coupling, the energy gap in
each region is determined by ∆j = Ejc − Ejv . Therefore,
any errors in Ejc and Ejv values can quantitatively affect the
band gaps and the numerical results. However, this effect can
be compensated by choosing an appropriate exchange field h
so that the electrons with energy E lie within one of the en-
ergy intervals (i)-(iii). Each flavor, injected fromMoS2 region
can enter into the WS2 region, if the Fermi energy is higher
than the CBM of that flavor and simultaneously, the incidence
angle of electrons is less than the critical angle of that fla-
vor (see Fig. 2(b)). This means that in type-A heterojunc-
tion, the electron leaves the waveguide (middle region), while
in type-B heterojunction the electron propagates through the
structure. In the following, we present our numerical results
of transmission probabilities and lateral shifts in both hetero-
junctions, using different parameters.
Fig. 3(a) shows the transmission probability in terms of in-
cidence angle θ2 for the typical low lying energy -3.70 eV and
h1 = h3 = 0.1∆WS2 = 0.155 eV in type-A heterojunction.
Since this energy value lies in the conduction band of all fla-
vors (energy interval (i)), the incident electrons belonging to
each flavor can propagate into region 3. According to Fig. 2b
different flavors of electrons have different critical angles that
can also be seen in Fig. 3(a). With increasing θ2, the trans-
mission probability drops to zero sharply as θ2 approaches
to critical angle of each flavor. The different T values for
FIG. 3: (Color online) Transmission probability and GH shift of the
reflected electrons with ((a) and (b)) E = −3.70 eV and ((c) and
(d)) E = −3.90 eV as a function of incidence angle θ2 in type-A
heterojunction with h1 = h3 = 0.155 eV.
spin-up and spin-down electrons are mostly related to the spin
splitting of CBMs in the ferromagneticWS2 region. The inci-
dent spin-up electrons at the MoS2/WS2(FM) interface have
higher probability to propagate into region 3 because the oc-
cupation of spin-up levels is higher than that of the spin-down
levels. The small difference in T values for the flavors with
the same spin is due to the spin-orbit coupling in both materi-
als, particularly in WS2 region. The corresponding GH lateral
shifts are depicted in Fig. 3(b). The abrupt increase in the
GH shift of each flavor is related to the corresponding critical
angle. When the incidence angle θ2 is less than θc, the sign
of GH shift can be positive or negative depending on the spin
and valley indexes, whereas the lateral shift of all flavors is
pure positive when θ > θc. The difference between GH shift
values of different flavors is a consequence of their different
band offsets in MoS2/WS2 heterojunctions.
If we choose θc(−1,K
′) < θ2 < θc(−1,K), only spin-
down electrons in K′ valley are totally reflected, and hence,
they propagate in region 2 after undergoing a consecutive to-
tal reflection from parallel interfaces at x = 0 and x = d.
In such a case, the other three flavors can penetrate into the
regions 1 and 3, and eventually they disappear from region 2
after consecutive reflections from the interfaces, suggesting a
spin-valley polarized beam inside the channel in region 2. For
θc(−1,K) < θ2 < θc(1,K), on the other hand, only spin-
down electrons are allowed to propagate inside the channel,
whereas the spin-up electrons leave the ferromagnetic WS2
region. Since each flavor experiences a different GH shift
value (see Fig. 3(b)), the spin-down electrons can be well-
separated inside the channel after traveling a sufficiently long
distance. If θ2 is chosen greater than the critical angles of the
four flavors, then all electrons will be totally reflected into the
region 2, and after traveling a sufficiently long distance inside
the channel, the four electron beams with different spin-valley
indexes can be spatially separated.
To see how the electrons with a different energy may af-
fect the result, we have also depicted T and GH shift of the
reflected electrons at E = −3.9 eV in Figs. 3(c) and (d),
6FIG. 4: (Color online) Dependence of (a, c) transmission probability
and (b, d) GHL shift of electrons on the width d of WS2 region in
type-B heterojunction. The parameters areE = −3.85 eV and h2 =
0.155 eV. The incidence angles in (a, b) and (c, d) are θ1 = 34
◦
and θ1 = 32
◦, respectively. The inset shows how the three flavors
saturate to constant values as d increases. Note that the legends in
(a)-(c) are the same as those in (d).
respectively. Since this energy value lies below the CBM of
the spin-down electrons (energy interval (ii)), the propagation
of these electrons is blocked (T = 0) regardless of their in-
cidence angle value. As a result, for the corresponding fla-
vors, the former abrupt increase in the GH shift values in Fig.
3(d) does not exist. The spin-up electrons, however, can prop-
agate into the channel or travel outside in regions 1 and 3,
depending on whether or not the incidence angle exceeds the
corresponding critical angle. Accordingly, depending on the
value of incidence angle, we can expect two, three or four
well-separated flavors inside the waveguide channel. If the en-
ergy of electrons lies between the CBM of spin-up flavors in
the ferromagnetic WS2 region and the CBM of MoS2 region
(energy interval (iii)), all flavors will be totally reflected in-
side the WS2 region. From the lateral shift values (not shown
here) we found that all flavors were well-separated after pass-
ing a sufficiently long distance inside the channel. Therefor,
in such a case the heterojunction acts as a fully spin-valley
beam splitter regardless of the incidence angles.
We continue by presenting numerical results for type-B lat-
eral heterojunction in which the electron beams are incident
from region 1 on MoS2/WS2 interface at x = 0, as shown
in Fig. 1(b). Here, unlike the results of type-A heterojunc-
tion, there is a possibility of constructive interference of for-
ward and backward moving waves in the middle region which
manifests itself as a perfect transmission and also consider-
able increase in the GHL shift value. Fig. 4(a) shows the plots
of T as a function of width d of the ferromagneticWS2 region
for low energy electrons with E = −3.85 eV. As can be seen,
T has resonant features for propagating flavor (1,K′), while
it is evanescent for the other three flavors which decay ex-
ponentially with increasing d. This behavior originates from
spin splitting of the conduction band edge in region 2, result-
ing from exchange field and also different critical angles for
different flavors, and can be understood from Figs. 1(d)-(e)
FIG. 5: (Color online) Dependence of (a) transmission probability
and (b) GHL shift of electrons with different flavors on the width
d of the WS2 region in type-B heterojunction. The parameters are
E = −3.70 eV, θ1 = 20.8
◦ , and h2 = 0.07 eV. The inset in (b)
shows θc as a function of exchange field h2.
and 2(b). Since the chosen Fermi energy lies inside the spin-
down energy gap of the middle region (energy interval (ii)),
evanescent modes appear for this type of electrons. For small
d values, the incident spin-down electrons can tunnel through
the corresponding energy gap and propagate in region 3, i.e.,
T is nonzero, whereas with increasing d, T decays exponen-
tially to zero. Although both spin-up flavors lie energetically
in the conduction band of middle region, since incidence an-
gle of electrons is chosen as θc(1,K) < θ1 = 34
◦ < θc(1,K
′)
(see Fig. 2(b)), k2x becomes imaginary for the flavor (1,K)
and consequently this flavor also finds evanescent character,
decaying exponentially with increasing d. Moreover, since
Im(k2x) for electrons with spin-down flavor is greater than
that for electrons with flavor (1,K), T decays more rapidly for
spin down flavors compared to that for flavor (1,K). The cor-
responding GHL shift of the transmitted electrons, στtr,sz , as
a function of d is depicted in Fig. 4(b). For evanescent states,
the GHL shift is of the order of λF and saturates to a con-
stant value (see the inset in Fig. 4(b)). For propagating states
(flavor (1,K′)), however, the GHL shift oscillates with d and
demonstrates a resonant character, similar to the correspond-
ing transmission in Fig. 4(a). We can see that at resonance
positions the structure is fully transparent (T = 1) and GHL
shift has local maxima which are given by Eq. (16).
For a given E and θ1, the quantities k1, k2, ky , and k2x
have fix values and consequently the resonance positions dn
and the corresponding GHL shift values will be proportional
to n (number of resonances), as can be seen in Fig. 4(b) and
(d). We should note that by flipping the direction of exchange
field the junction can filter the flavors (1,K), (1,K′), (-1,K′)
and only the flavor (-1,K) will be allowed to pass through the
system. In Fig. 4(c) and (d) the incidence angle is taken as
θ1 = 32
◦ which is less than the critical angle of spin-up fla-
vors (see Fig. 2(b)). Therefore, both spin-up flavors contribute
in transmission and exhibit different behaviors in their T and
GHL shifts, due to a difference in their k2x values. In real-
ity, k2x for electrons with flavor (1,K) is smaller than that for
electrons with flavor (1,K′), and hence, the corresponding pe-
riod and amplitude of oscillations in both T and GHL shift
curves are larger compared to those for the flavor (1,K′). As
a result, for some d values a large spatial separation between
7FIG. 6: (Color online) Dependence of (a) transmission probability
and (b) GHL shift of transmitted electrons with flavor (1,K) on the
width d of WS2 region in type-B heterojunction for three different
incidence angles. The parameters E and h2 are the same as those in
Fig. 4.
the two flavors as large as longitudinal width of the incident
beam [34] can be seen in Fig. 4(d), suggesting that the lateral
heterojunction with the given parameters can act as a valley
beam splitter for spin-up electrons and simultaneously block
the spin-down electrons, acting as a spin filter. This spin se-
lection for electron propagation can be flipped by reversing
the direction of exchange field.
In order to have propagating states for all flavors, electron
energy should be located in the conduction band of the fla-
vors (energy interval (i)) and the incidence angle should also
be less than the corresponding critical angles. Due to the rela-
tively large difference between critical angles of the two spin-
up flavors and those of the two spin-down flavors, also due to
the relatively small difference between the critical angles of
the two spin-up flavors (Fig. 2(b)), the difference between in-
cidence angle and the critical angle for the two spin-up flavors
increases and as we will show later, this leads to a consid-
erable reduction in their GHL shift values, and hence, small
valley splitting. To overcome this issue one can reduce the
magnetic proximity effect that is equivalent to a reduction
in h2 value. For such a case, in Fig. 5(a) and (b) we have
shown T and GHL shift as a function of d for electrons with
E = −3.7 eV and θ1 = 20.8
◦ in the presence of the rela-
tively weak exchange field h2=0.07 eV. Moreover, the inset in
Fig. 5(b) shows how the critical angle of each flavor in the fer-
romagnetic WS2 region is affected by the exchange field h2.
From Figs 5(a) and 5(b), it is evident that all flavors can pass
through the device with an oscillatory behavior in their T and
GHL shift curves. Interestingly, for type-B heterojunctions
with d ∼ 186 nm, the difference between lateral shift of each
flavor and that of the other flavors increases considerably and
FIG. 7: (color online) Dependence of (a) transmission probability
and (b) GHL shift of the transmitted electrons on the incidence angle
θ1 in type-B heterojunction. The parameters are d=10 nm, E =
−3.73 eV, and h2 = 0.155 eV.
therefore the heterojunction acts as a fully spin-valley beam
splitter.
To show how the propagating states (see, for instance, Fig.
4) are affected by changing θ1, we have depicted in Fig. 6(a)
and (b) the transmission T and GHL shift of electrons in
terms of d for propagating flavor (1,K) at different angles
θ1 < θc. We can see that the GHL shift is considerably
small when θ1 ≪ θc. According to the resonance condition
k2xd = npi and Eq. (16), the distance between resonance po-
sitions and the amplitude of oscillations in both T and GHL
shifts increases with increasing θ1. In fact, as θ1 approaches
θc, k2x → 0 and consequently d and the lateral shift values
at which resonances occur can increase dramatically, indicat-
ing that valley transport in MoS2/WS2 heterojunctions can be
controlled by incidence angle of electrons.
Moreover, for a fixed d value, the functionality of type-B
heterojunctions can be explored by changing the incidence
angle of electrons with different flavors. In Fig. 7, several
resonances in T and lateral shift can be seen which are ob-
tained from the relation θ1,n = arcsin(
√
k22 − n
2pi2/d2/k1).
It is evident that when θ1 reaches the critical angle of each
flavor the corresponding T value drops to almost zero, result-
ing a considerable reduction in the GHL shift (see also Fig.
4(a), (b), and the inset). For the case of θ1 < θc(-1,K
′), all
flavors pass through the structure (see Fig. 7(a)), but as dis-
cussed earlier, the difference between GHL shift values for
spin-up flavors is negligible, due to a considerable difference
between the value of θ1 and θc for spin-up flavors (see Fig.
7(b)). When θc(−1,K) < θ1 < θc(1,K), spin-down flavors
are almost blocked, whereas spin-up flavors pass through the
structure and a considerable difference between GHL shifts
of spin-up flavors is obtained before θ1 reaches θc(1,K). This
8means that the heterojunction can effectively split the flavors
when the electron beams enter into the region 3. Note that
for the case of θc(1,K) < θ1 < θc(1,K
′), only the electrons
with flavor (1,K′) can pass through the structure, suggesting
MoS2/WS2 heterojunction as promising structures for spin-
valley filtering.
Note that although the measurement of electric GH shifts in
2D materials is still an open challenge due to the electron scat-
tering, smallness of GH shifts in experiments, and difficulty
in preparation of a well-collimated electron beam [48], the
present findings can improve our fundamental understanding
of electronic version of GH effect and also provide a new plat-
form for application of TMD heterojunctions as spin-valley
beam filters and/or splitters.
IV. CONCLUSIONS
In summary, we have explored theoretically the effect of
band alignments on spin-valley transport and lateral shift of
electrons in MoS2/WS2 planar heterojunctions in which the
WS2 region is placed in close proximity to a ferromagnetic
substrate. We found that electron waveguiding can occur in
WS2/MoS2/WS2 heterojunction for propagating electrons in-
side the MoS2 monolayer due to the electron confinement in
the central region. In MoS2/WS2/MoS2 heterojunction, how-
ever, transmission resonances formed in the WS2 region play
the main role in generation of strong lateral displacements of
electron beam transmitted through the structure. In both het-
erojunctions, the lateral shift of electrons induced by band
alignments of the two constituent TMD monolayers is spin
and valley dependent. It is shown that in these heterojunc-
tions, electrons with distinct spin and valley can be filtered
and/or spatially well-separated by tuning the Fermi energy
and incidence angle of electrons. Our findings suggest new
generation of nanodevices based on lateral TMD heterojunc-
tions which can produce fully spin-valley polarized currents
without external electrical tuning.
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